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Less is more: density influences
the development of behavioural life
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Theory suggests that habitat structure and population density profoundly influence the phenotypic

development of animals. Here, we predicted that reduced rearing density and increased structural com-

plexity promote food search ability, anti-predator response and the ability to forage on novel prey, all

behavioural skills important for surviving in the wild. Brown trout were reared at three densities (conven-

tional hatchery density, a fourth of conventional hatchery density and natural density) in tanks with or

without structure. Treatment effects on behaviour were studied on trout fry and parr, whereupon 20

trout from each of the six treatment groups were released in an enclosed natural stream and recaptured

after 36 days. Fry reared at natural density were faster to find prey in a maze. Moreover, parr reared at

natural density were faster to eat novel prey, and showed more efficient anti-predator behaviour

than fish reared at higher densities. Furthermore, parr reared at reduced densities were twice as likely

to survive in the stream as trout reared at high density. In contrast, we found no clear treatment

effects of structure. These novel results suggest that reduced rearing densities can facilitate the

development of behavioural life skills in captive animals, thereby increasing their contribution to natural

production.
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1. INTRODUCTION
Behavioural flexibility allows animals to respond more

rapidly to environmental changes and should therefore

confer fitness advantages when shifting to new habitats

(Sol et al. 2002; Watters & Meehan 2007; Sutter &

Kawecki 2009). Poor shifts between captive and natural

habitats is a key problem explaining the failure of many

reintroduction and supplementation programmes, as

the captive environment often does little to prepare indi-

viduals for transition to the wild (Griffin et al. 2000;

Brown & Day 2002; Brännäs & Johnsson 2008). It is

therefore of critical importance to understand how early

life experience influences learning and behavioural devel-

opment (Brown & Day 2002). Recently, researchers have

outlined various ways to prepare captive animals for

release (reviewed by Brown & Laland 2001; Griffin

2004). However, attempts to train animals, for example

to avoid predators or to forage on live prey, have yielded

inconsistent results (e.g. Brown et al. 2003; Vilhunen &

Hirvonen 2003; Hawkins et al. 2008), and it has been

proposed that the ability to respond adequately to new

information may be more important than trained specific

skills, which often are context-dependent (Braithwaite &

Salvanes 2005). Such general behavioural flexibility may

be enhanced by enrichment of the captive environment.

The ability to use spatial information to find shelters

(Markel 1994) or food patches (Noda 2004) is directly

related to fitness. It is well established that spatial

complexity stimulates behavioural flexibility, as well as

learning and memory in mammals and birds (Young
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2003). Recent studies on fish suggest similar effects,

where structural enrichment in hatchery tanks have

been found to improve foraging performance (Brown

et al. 2003), stability of social hierarchies (Galhardo

et al. 2008), exploratory behaviour (Braithwaite &

Salvanes 2005; Lee & Berejikian 2008), learning

(Odling-Smee & Braithwaite 2003; Odling-Smee et al.

2006), memory (Brydges et al. 2008) and neural develop-

ment (Kihslinger & Nevitt 2006). However, it is still

unclear to what extent structural complexity can help cap-

tive reared individuals to survive in the wild (Brockmark

et al. 2007).

The behavioural development of animals may also be

influenced by rearing density. First, the potential for

developing recognition-based social systems is likely

reduced in a crowded environment (Cubitt et al. 2008),

as the ability to recognize specific individuals should

decrease with increasing group size owing to cognitive

constraints, i.e. the theory of limited attention (reviewed

by Dukas 2002). Moreover, resource defence theory pre-

dicts that the cost of territorial defence should increase as

the density of competitors increases (Grant 1997). Thus,

there is an expectation that territoriality ceases at very

high densities.

We recently showed that high conventional hatchery

densities restrain the ability to cope with social inter-

actions, including the ability to defend contested

resources, with subsequent effects of reduced growth

and survival in a natural stream section (Brockmark &

Johnsson 2010). Increased density may also impair indi-

vidual learning by inducing sensory overload and/or

altering the trade-off between reliance on public and pri-

vate information (Laland 2004), where high density may
This journal is q 2010 The Royal Society

mailto:jorgen.johnsson@zool.gu.se


3036 S. Brockmark et al. Density and life skills in trout
facilitate schooling (Chapman et al. 2008) at the cost of a

reduced ability to learn individual skills (Sumpter et al.

2008; Ward et al. 2008). These possibilities are addressed

in the present study.

Salmonid species are commonly used in hatchery pro-

grammes aimed to supplement or restore declining wild

populations (Levin et al. 2001). However, hatcheries gen-

erally keep fish at high densities in plain rearing tanks,

where they receive plenty of nutritious pellets, so that

there is no need for hatchery fish to actively search for

food. Thus, the hatchery environment may deprive the

juvenile trout of the specific stimulation necessarily

for the development of life skills important in the

wild. While some recent studies have investigated the

effects of structural stimuli on behaviour (Berejikian

et al. 2000, 2001; Brown et al. 2003; Braithwaite &

Salvanes 2005; Salvanes & Braithwaite 2005; Lee &

Berejikian 2008), none has explored density-related

effects on the development of individual behavioural

skills of captive animals aimed for release.

The model species for this study, anadromous brown

trout (Salmo trutta), is frequently used in hatchery pro-

grammes. Wild anadromous brown trout spend their

first years in freshwater streams, where they compete to

monopolize feeding territories or form hierarchical

groups depending on population density and habitat

structure (Elliott 1994). Young trout are opportunistic

feeders (Bridcut & Giller 1995), and preferably use riffles

areas with substrate of pebbles or gravel (Haury et al.

1999). Anadromous brown trout migrate to sea in

spring at the age of 1–3 years, and normally return to

spawn in their native stream after 1–2 years at sea (Elliott

1994).

Based on the theories discussed above, we test the pre-

dictions that reduced rearing density and increased

structural complexity in conventional hatchery tanks pro-

mote the development of adaptive behaviour, resulting in

increased post-release survival in the wild. Brown trout

were reared from egg stage at three densities in tanks

with or without in-water structure. Trout from these six

treatment groups were tested for foraging skills, habitat

preference, anti-predator behaviour, and growth and

survival in the wild.
2. MATERIAL AND METHODS
(a) Experimental fish

We used offspring of sea-ranched anadromous brown trout

(Salmo trutta) originating from the River Dalälven (for

strain information see Johnsson et al. 1996). Trout were arti-

ficially fertilized at the Swedish board of Fisheries in

Älvkarleby on 31 October 2006, when eggs from 11 females

were fertilized by milt from 11 males. In early January 2007,

eggs were transported to the research station of the Swedish

Board of Fisheries in Kälarne where the experiment was con-

ducted. The eggs were incubated in hatchery trays flowed

with lake water (8 l min21, 1.98C).

On 26 March, eyed eggs were randomly assigned between

the treatment hatchery tanks (1 � 1 m2). In the structural

treatment, henceforth called (S), we added a submerged

structure consisting of seven dark green plastic bags (17 l).

Each bag was sliced up to resemble water plants and pro-

vided with a stone ballast to keep it in place. The bags

provided protective shelter for the fish and more
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heterogeneous water flow dynamics compared with the

barren tanks. In addition, visual contact with conspecifics

was reduced. The structure reduced visibility of the bottom

from above by 50–70%. Fish were reared at three densities:

conventional hatchery density (according to local practice,

H: 2500 individuals per m2), approximately a fourth of con-

ventional hatchery density (M: 600 individuals per m2) and

natural density (L: 150 individuals per m2). The natural den-

sity was based on density measures for migratory brown trout

in a natural stream (Elliott 1994). Structure (S) and density

treatments (H, M, L) were combined in a 2 � 3 design gen-

erating the following combinations: H, HS, M, MS, L and

LS. Each treatment was replicated five times, except for

one HS replicate, which was excluded because of irregular

water flow. Mean water depth in the rearing tanks was

0.17 m until the middle of July and thereafter 0.67 m. The

height of the plastic bags was regulated with the water

level. After yolk sac absorption, fish were fed with commer-

cial trout food, 2 per cent of wet weight per individual per

day. The amount of food was regulated each week as fish

grew. On three occasions (13 July, 20 September and 21

October), 150 fish per treatment (900 fish in total) were

anaesthetized with 2-phenoxyethanol (0.5 ml l21), and fork

length and wet weight was measured for each individual.

Fish were released back into the treatment tanks once

measured.

Throughout the experiments, the indoor light regime was

maintained at 12 L : 12 D. In all experiments, test fish were

sampled in a pseudo-randomized fashion to ensure equal

representation from the 29 hatchery tanks.

(b) Behavioural experiments on fry

Two experiments on fry were conducted between 27 June

and 19 July 2007 using the same individuals throughout (in

total 120 individuals, 20 per treatment). We used 12 replicate

aquaria for each of 10 runs for each experiment. All six treat-

ments were equally represented in each run, and tank

observation order was randomized.

(i) Novel prey and habitat preference

In the first experiment, the ability to forage on novel prey and

habitat preference was studied. At 17–18 h, 120 juvenile

trout were randomly netted from the treatment tanks and

transferred to individual observation aquaria. Each aquarium

(0.42 � 0.21 � 0.10 m) was divided into a barren and a

structural area (figure 1a). The structural area consisted of

four rooms screened-off by grey opaque polyvinylchloride

(PVC) walls and the sides of each aquarium were covered

with dark grey plastic. Fish had access to all areas and

rooms during the experiment. Following an acclimatization

period of 38 h, each fish was presented a novel prey item

(calf-liver, 2% of wet weight per individual). Food was

manually delivered to the middle of the barren area from

behind a hide. The observations were made during a

10 min trial starting at 09.00 h. Time to capture the prey

was recorded manually. Any remaining food was carefully

removed after the novel prey trial. Subsequently, spatial

exploration behaviour was recorded (digital Sony DCR-

SR32). From these recordings (1 h), spatial exploration and

the position of the fish (barren or structured area) were

scored with point observations every 30 s. After the obser-

vations, test fish were singly transferred to the closed

section in the middle of the maze for acclimatization over

two nights (figure 1b).
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Figure 1. Schematic figures presenting dorsal views of experimental areas used in the following experiments: (a) habitat
preference and novel prey-foraging. Two small walls separate the barren area from the structural area. The structural area is

divided with walls into four rooms. The liver item was placed in the middle of the barren area, (b) food search ability in a
maze. The dotted lines are movable opaque PVC doors shielding entries to the four maze arms. The arrows represent the
water inflow and the ring shows the water outflow, (c) escape response under a simulated predator attack. P represents the
heron model, AC the acclimatization chamber (broken line) and the R’s represent the refuge areas (delimited with dotted
lines) with ‘water plants’. AC was withdrawn before the simulated attack from P. In all figures, the solid lines represent

opaque PVC walls.
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(ii) Food search ability in a maze

Food search ability was assessed using an experimental maze

(figure 1b). The maze (0.31 � 0.31 m) consisted of four

similar rectangular maze arms (0.25 � 0.06 m) placed

around a central area (0.25 � 0.25 m). Each of the four

maze arms could be closed with a white opaque PVC door.

The bottom of the maze was covered with brown–black

folio to mimic natural substrate. After one night of acclimat-

ization, a piece of calf-liver (2% of wet weight per individual

and per day) was placed next to the water-inflow of a

randomly selected maze arm. The liver was fixed to a steel

wire to keep it in place just under the water surface.

Subsequently, a pre-training trial took place by opening

the PVC doors, whereupon the fish were allowed to explore

the maze for 8 h. The maze entries were then closed

and the fish was housed in the closed central area over the

next night. The following day, each fish was observed for

two 20 min trials, the first starting at 09.00 h, and the

second starting at 13.00 h. Food was placed in the same

maze arm as during the pre-training trial. The time needed

to find the food (contact with the mouth) was recorded manu-

ally. At the end of each experiment, fish were anaesthetized,

and wet weight and fork length were measured.

(c) Behavioural experiments on parr

The experiments on parr were conducted between 21

September and 26 October 2007. Parr were not tested

more than once. At the end of each experiment, fish were

anaesthetized and measured for wet weight and fork length.

(i) Novel prey-foraging

Novel prey-foraging was tested using live maggots (mean

length of 9 mm; pinkies, Fibe AB, Överkalix, Sweden).

Each parr was randomly netted from the treatment tanks,

singly transferred and placed in one of the 12 observational

aquaria (0.42 � 0.21 � 0.15 m water depth). All sides

except the top of the aquaria were covered with black plastic

to avoid disturbance. Fish were allowed to acclimatize to the

new environment for a period of ca 38 h, and then observed

twice during the observation day for 2 h with point checks
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every 10 min, starting 09.00 h and 13.00 h, respectively. At

the start of each trial, a live maggot was delivered to the

middle of the aquarium from behind a hide. During each

trial, the foraging behaviour of the fish was manually

recorded. Ten fish per treatment were tested (60 fish in

total). Order of observation was randomized among treat-

ments. An individual was classified as successful in the

novel prey task, if it ate the novel prey during at least one

occasion.

(ii) Escape response under a simulated predator attack

The escape responses of trout (19 per treatment, 114 in

total) to a simulated predator attack using a heron model

(natural predator of trout) were studied using a method

modified from Barber et al. (2004). At the start of each

trial, a single fish was netted from the treatment tanks and

transferred to a circular acclimatization chamber (ø0.24 m)

placed in the middle of the experimental tank (1 � 1 �
0.1 m water depth; figure 1c). After a 1 min acclimatization

period, we waited until fish remained immobile for 10 s

before the trial was started by gently lifting the chamber.

Once the chamber was fully lifted, the predator model was

immediately withdrawn, the beak was plunged in the water

just above the fish and the escape response was monitored

for 10 min. The acclimatization chamber and the predator

model were controlled manually from behind a hide. Two

green plastic bags (similar to those used in the rearing

tanks) were used as cover and placed in the two corners

opposite from were the heron attacked. In each corner, a tri-

angular area (sides 0.4, 0.4 and 0.6 m) was defined as refuge

area (figure 1c). The immediate escape response and move-

ment into refuges were recorded using a Sony DCR-SR32

video camera positioned above the tank.

(d) Release of the fish

On 21 September, 20 fish from each treatment (120 in total)

were sampled for release into a closed natural stream section.

These numbers were chosen to mimic high natural densities

of brown trout (1 parr per m2: Elliott 1994). All fish were

anaesthetized, measured for wet weight and fork length,
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and individually tagged using a passive integrated transpon-

der (PIT) inserted into the body cavity. Fish were left

overnight in holding tanks to recover. The next morning,

they were released in the middle of a divided section of

the river Aneråsån, Kälarne (62858033 N, 16806018 E). The

95 m long stream section (approx. 120 m2, water depth

0.7 m) was closed off in both ends with stainless steel

mesh, allowing the passage of water and invertebrate prey,

but preventing fish from passing through. The stream section

contains three pools with riffles in-between and is sur-

rounded by deciduous trees. Fish in the stream had only

access to naturally occurring food and were exposed to natu-

ral predation from mink (Mustela vison) and heron (Ardea

cinerea) (own observations). On 25 October, all fish in the

experimental stream were recaptured using electric fishing.

The section was fished five times to ensure that no fish

remained in the stream. Recaptured fish were anaesthetized,

and measured for wet weight and fork length.

(e) Data treatment and statistics

The effects of density (Dens), tank structure (Str) and tank

origin (random factor) on the response variables body mass

and length were analysed using a mixed analysis of variance

(ANOVA) model.

Habitat preference (proportion of time spent in the open)

and growth in the stream after release were analysed using an

analysis of covariance (ANCOVA) model with the same inde-

pendent variables as in the ANOVA model and initial body

size added as a continuous covariate. The data for habitat

preference were transformed (arcsine) to meet requirements

for normal distribution. Recapture rate and novel prey-

foraging success were binominal variables analysed with

logistic regression using the same independent variables as

in the ANCOVA model.

We used semi-parametric Cox regression models (survival

analysis) to analyse food search ability in the maze (time to

find food) and escape response (time to escape) to a simu-

lated predator attack, again with independent variables as

in the ANCOVA model.

To increase the statistical power, the models were reduced

by leaving out (Dens � Str � Tank), (Dens � Str) or initial

body size when these were not significant. Categorical main

effects (p , 0.1) were further investigated using standard

post hoc tests (Wald x2). To simplify presentation, p-values

above 0.1 are not presented below. All statistical analyses

were conducted using SPSS 16.
3. RESULTS
(a) Behavioural experiment—fry

(i) Novel prey and habitat preference

Neither density nor structure affected habitat preference

or the foraging success on novel prey. Smaller fish spent

more time in the open area (F ¼ 4.6, d.f. ¼ 1, p ¼ 0.035).

No other effects were found.

(ii) Food search ability in a maze

During the first trial, smaller fish tended to find the prey

faster than larger conspecifics (Wald x2 ¼ 4.2, d.f. ¼ 1,

p ¼ 0.040), but there was no treatment effects on food

search ability. During the second trial, however, density

significantly affected the time to find the prey (Wald

x2 ¼ 7.7, d.f. ¼ 2, p ¼ 0.021). Post hoc tests revealed

that fish from high densities (H þHS) were slower to
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find the prey than fish from lower density treatments

(L þ LS; Wald x2 ¼ 7.6, d.f. ¼ 1, p ¼ 0.006; figure 2a),

and tended to need more time when compared with

individuals from the medium densities (M þML; Wald

x2 ¼ 3.6, d.f. ¼ 1, p ¼ 0.059).

(b) Behavioural experiment—parr

(i) Novel prey

Density tended to influence the foraging success on novel

prey (maggots, Wald x2 ¼ 4.8, d.f. ¼ 2, p ¼ 0.091;

figure 2b). Post hoc tests showed that fish from high den-

sity (H þHS) consumed less novel prey than fish from

lower density treatments (L þ LS; Wald x2 ¼ 4.3, d.f. ¼

1, p ¼ 0.037; figure 2b), and tended to consume less

novel prey than fish from medium densities (M þMS;

Wald x2 ¼ 3.5, d.f. ¼ 1, p ¼ 0.061). No other effects

were found.

(ii) Escape response under a simulated predator attack

About 65 per cent (L: 81%, LS: 80%, M: 67%, MS:

55%, H: 67%, HS: 43%) of the fish reacted to the

attack from the model heron by fleeing to either of the

two refuges available. The remaining 35 per cent

responded either by freezing, or did not respond at all.

Time to first movement was longer for fish reared in

structure (Wald x2 ¼ 4.0, d.f. ¼ 1, p ¼ 0.045), but was

not influenced by density. Time to flee (reaching the

refuge) was longer for fish reared in structured tanks,

and also influenced by rearing density (Wald x2 ¼ 7.1,

d.f. ¼ 2, p ¼ 0.028). Post hoc tests showed that fish

from high density (H þ HS) required more time to

reach the refuge area when compared with fish from low

density (L þ LS; Wald x2 ¼ 7.1, d.f. ¼ 1, p ¼ 0.008;

figure 2c), and tended to require more time than

fish from medium density (M þMS; Wald x2 ¼ 3.0,

d.f. ¼ 1, p ¼ 0.082).

(c) Growth in the hatchery

During the first growth period (13 July–20 September),

fish in low densities (L þ LS) grew faster than high-

density fish (W: F2,22 ¼ 4.1, p ¼ 0.030; FL: F2,22 ¼

11.1, p , 0.001). However, growth was not significantly

affected by structure. During the second growth period

(20 September–21 October), we found no significant

treatment effects on growth. The size data from the

three sampling occasions: 13 July, 20 September and 21

October are presented in table 1.

(d) Performance in the stream

Out of 120, 39 released fish (32.5%) were recaptured.

Density influenced recapture rate significantly (Wald

x2 ¼ 6.04, d.f. ¼ 2, p ¼ 0.049; figure 2d). Post hoc tests

showed that fish from low density (L þ LS; Wald x2 ¼

5.7, d.f. ¼ 1, p ¼ 0.017) and medium density (M þMS;

Wald x2 ¼ 3.9, d.f. ¼ 1, p ¼ 0.049 had higher recapture

rates than fish from high density (H þHS; figure 2d).

In contrast, there was no effect of structure on recapture

rate. Growth rate in the stream was not affected by

density or structure treatment.
4. DISCUSSION
Consistent with the predictions, we found positive

effects of reduced densities on food location ability,
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Figure 2. Performance of brown trout reared under six different conditions: density treatments are indicated as natural density
(L), approximately a third of conventional hatchery density (M) and conventional hatchery density (H), while the presence of
structure is noted with S. (a) The proportion of fry attacking the food in the maze during the second trial as a function of obser-
vation time. (b) The proportion of parr eating a novel prey (i.e. maggot). (c) The proportion of parr reaching a refuge after a
simulated predator attack as a function of observation time. (d) The proportion of parr recaptured after release in a natural

stream (i.e. 35 days). All p-values indicate significance values for post hoc tests for the three-level categorical main effect
density. In addition, the time to reach a refuge was longer for fish reared in structured tanks (p ¼ 0.042).
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novel prey-foraging and escape response following a pred-

ator attack. Moreover, these density effects on behavioural

life skills were apparently translated to increased survival

in the wild. However, in contrast to the results of some

previous studies, the effects of structure were minor and

inconsistent. This may be due to differences in species-

specific behaviours, including ontogenetic effects on

sociality and habitat use. However, it should be kept in

mind that only few studies have demonstrated effects of

physical structure per se (Kihslinger & Nevitt 2006;

Lee & Berejikian 2008), whereas others have found effects

of structure in combination with additional modifications

(e.g. Braithwaite & Salvanes 2005; Salvanes & Braithwaite

2005). The discussion below will thus mainly focus on the

novel findings of density-dependent effects on behaviour

and post-release performance.
(a) Behaviours

Trout reared at reduced densities consumed more live

novel prey, fled more rapidly to refuges after a predator
Proc. R. Soc. B (2010)
attack and were faster to locate food in a maze compared

with fish from higher densities. These behavioural life

skills are probably of great importance for growth and sur-

vival upon release. Before describing the significance

of specific behaviours, we will elucidate some potential

explanations for the strong density effects on behaviour.

In a previous study (Brockmark & Johnsson 2010), we

suggested that high-density environments may constrain

the ability to establish social-based recognition, and co-

ordinate behavioural interactions with specific individuals

(Griffiths 2003; Griffiths et al. 2004). The sensory over-

load in a crowded environment (Dukas 2002), together

with the associated spatial restriction of activity (Ruxton

1995) and perception may in fact constrain the develop-

ment of both social and individual behaviour. An

alternative, not mutually exclusive explanation is that

high-density conditions may alter the trade-off between

using private versus public information (Laland 2004;

Brown et al. 2006). Indeed, human studies demonstrate

that individuals with long-time experience of crowding

gradually reduce individual control (Bell et al. 2001;



Table 1. Mean (+s.e.) weight and fork length of juvenile brown trout in six treatment groups (H, HS, M, MS, L and LS) in

the hatchery and after release and recapture in a stream. Fish were released in the stream on 20 September and recaptured
on 25 October.

H HS M MS L LS

hatchery n ¼ 150 n ¼ 150 n ¼ 150 n ¼ 150 n ¼ 150 n ¼ 150

13 June
weight (g) 2.07+0.04 2.24+0.04 1.83+0.04 2.17+0.04 1.73+0.04 1.87+0.04
fork length (mm) 57.0+0.34 58.4+0.34 55.2+0.33 58.1+0.33 54.0+0.34 55.1+0.33

20 September
weight (g) 12.1+0.09 11.9+0.06 12.0+0.09 13.6+0.10 13.07+0.11 14.1+0.11

fork length (mm) 99.7+0.24 100.4+0.16 100.1+0.24 104.9+0.23 101.7+0.23 105.7+0.27

21 October
weight (g) 16.9+0.54 16.7+0.60 17.22+0.54 18.9+0.54 19.1+0.54 18.2+0.54
fork length (mm) 112.0+1.05 111.7+1.16 112.8+1.03 117.1+1.02 115.2+1.06 116.4+1.02

stream n ¼ 3 n ¼ 5 n ¼ 8 n ¼ 5 n ¼ 7 n ¼ 10

25 October

weight (g) 15.8+0.24 15.3+0.39 14.01+0.54 20.6+0.61 16.2+0.42 16.8+0.42
fork length (mm) 111.3+1.07 112.8+0.75 108.6+1.22 127.0+1.21 113.9+0.85 116.0+1.04
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Camazine et al. 2001). Theoretical analysis (Rogers 1988;

Giraldeau et al. 2002) and empirical studies (van Bergen

et al. 2004) suggest that the combination of private and

public information sources is the optimal base for adap-

tive decision-making. Thus, density conditions that

constantly favour the use of public information during

development might over time lead to conformity through

more or less irreversible losses of capacity for independent

decision-making. Note that the use of public information

does not require individual recognition, so that the ability

to interact with specific individuals could still be impaired

at high densities, as discussed above. Further experimen-

tal studies are necessary to evaluate the relative

importance of these candidate explanations.

(i) Food searching

In nature, food resources are often highly variable in time

and space (Warburton 2003). To minimize energy costs

and movement-associated predation risk while searching

for food, animals need to find their way efficiently

(Odling-Smee & Braithwaite 2003). Previous studies

show that a range of environmental factors can influence

the food search of animals (Odling-Smee et al. 2006).

Here, we found that fry reared at low densities were

faster to find prey in a maze compared with trout reared

at higher densities. Fish reared in natural densities are

more able to move around freely which, as discussed

above, may promote the capability of independent

decision-making and a flexible behavioural repertoire,

allowing fish to match their orientation strategy to a

variable environment on the basis of experience.

(ii) Novel prey-foraging

In this study, we found that density conditions are impor-

tant for the ability to forage on novel prey. Trout were

tested for novel prey twice during their first seven

months after hatching. When tested at the fry stage

(i.e. after four months), fish were equally willing to con-

sume novel prey (i.e. liver) independent of treatment.

However, when tested three months later, trout parr

reared at natural densities consumed more novel live
Proc. R. Soc. B (2010)
prey items (i.e. maggots) compared with fish from

higher densities. There may be several explanations for

these stage- and prey-specific effects. For example, it

may be more demanding to switch from pellets to

moving maggots than from pellets to liver. Alternatively,

the density effects on individual foraging may have devel-

oped gradually during ontogeny. Hatchery-reared fish,

which traditionally feed on a diet of pellets, often have dif-

ficulties to switch to live novel prey after release (Ellis et al.

2002). Indeed, hatchery brown trout have been shown to

be slower than wild-reared conspecifics to learn to feed on

novel prey (i.e. crickets, Sundström & Johnsson 2001).

(iii) Anti-predator response

There is a strong selection pressure for early detection

and avoidance of predation threats (Lima & Dill

1990). According to the economic flight hypothesis

(Ydenberg & Dill 1986), the decision to flee depends

on several factors, including nearness to refuge, prey cryp-

tic coloration, type of predator species and group size

(Lima & Dill 1990; Godin 1997). In the present study,

we found that trout reared at lower densities were faster

to escape and hide after a predator attack compared

with fish from high densities. Moreover, trout reared in

barren hatchery tanks responded more rapidly to a simu-

lated predator attack than trout from tanks containing

structure. In a recent study (Kihslinger & Nevitt 2006),

fish reared in hatchery tanks containing stones showed

lower movement activity than fish from barren tanks.

Assuming that fish in the present study respond in a simi-

lar way, low activity would explain why structured-reared

fish responded to the predator attack with freezing rather

than fleeing. However, the ability to find and use shelter is

important in the wild, especially during early life stages,

when juveniles are subjected to mortality risks from a

wide range of predators.

(b) Performance in the stream

In this study, trout reared at reduced densities survived

better in the natural stream compared with trout reared

at conventional hatchery density. Thus, the development
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of behavioural skills in the hatchery appears to be critical

for survival upon release. Positive density-dependent

effects were found when trout were reared at a fourth of

conventional hatchery densities, but were even clearer in

high natural densities. Habitat shifts often cause

high mortality rates due to predation (Biro et al. 2003;

Byström et al. 2003). The mortality in the present study

was probably mainly caused by predation from mink

and heron, both common in the area. Mortality from

starvation is less likely to have occurred over the limited

time period fish spent in the stream (see Johnsson &

Bohlin 2006). Also, up- or downstream fences prevent

fish migration and repeated electric fishing made

sure few or any fish were escaped from being recaptured

(see §2).

(c) Implications for captive rearing

An increasing number of studies demonstrate that fish are

able to learn and integrate multiple pieces of information

(Braithwaite 2006; Brown et al. 2006). Moreover, fish

behaviour is strongly species- and stage-specific, includ-

ing ontogenetic effects on sociality and habitat use

(Godin 1997; Magnhagen et al. 2008). Our results

suggest that more nature-like rearing densities promote

behavioural skills and post-release survival in hatchery

salmonids (see also Brockmark & Johnsson 2010).

However, further field studies are needed to evaluate

the generality of these findings. If these effects turn out

to be consistent, the overall socioeconomic benefits of

reducing rearing densities will depend on whether the

benefits of increased adult returns will compensate the

increased production requirements for hatchery juveniles,

a question that requires further long-term full-scale

experiments and economic analyses. Finally, ecologically

based rearing methods are not only important to increase

the success of supplementary and conservation hatch-

eries. There is also a more general ethical aspect

mirrored by the increasing public demands that captive

animals should be allowed to express their natural

behaviour (Shumway 1999; Branson 2008).
The experiment was approved by the Ethical Committee for
Animal Research in Göteborg (license 132/2005), and
comply with current laws in Sweden.
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